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Thermoelectric  Properties of Bi;_,Pb,Cu;_,SeO

Oxyselenides’

Aleksandra Khanina,** Andrei Novitskii,? Daria Pashkova,? Andrei Voronin,® Takao Mori,®¢
and Vladimir Khovaylo*@4

In this work, Bij_PbyCu;_,SeO (x = 0, 0.02, 0.06, and 0.08) were synthesized by solid-state
reaction followed by spark plasma sintering. The effect of simultaneous Bi to Pb substitution and
Cu vacancies introduction on thermoelectric properties was investigated systematically. The power
factor was significantly enhanced, contributing to the increase in the zT value. As a result, the zTax
of 0.75 at 773 K was obtained for Big 94Pbg.06Cug.94SeO sample. To reveal the factors constraining
the zTmax in Bij_,PbyCuSeO-based oxyselenides, a further careful analysis of literature data was
performed. We highlighted that in Pb-doped oxyselenides, the power factor is almost independent
of the synthesis technique, while the lattice thermal conductivity is the main property determining

ZTmax and is highly affected by the synthesis method.

Introduction

Over the past few decades, global energy consumption has dra-
matically increased, with about two-thirds of produced energy
being lost as waste heat. Therefore, technologies capable of ef-
ficiently recuperating this heat are crucial for achieving sustain-
able development goals. In this context, thermoelectric materials,
which enable the direct conversion of waste heat into electricity,
have attracted significant attention from the scientific commu-
nity. I The efficiency of thermoelectric energy conversion depends
on the material’s transport properties and is determined by the
thermoelectric figure of merit z' = a?>6T /Ko, where «, o, T, and
Kior Tepresent the Seebeck coefficient, electrical conductivity, ab-
solute temperature, and total thermal conductivity, respectively.2

Currently, p-type BiCuSeO-based oxyselenides are among the
most efficient oxygen-containing thermoelectric materials.?l Bi-
CuSeO crystallizes in a tetragonal layered ZrCuSiAs structure type
with a P4/nmm space group and two formula units per unit cell.
The crystal structure consists of alternately stacked insulating
(Bi0,)** layers (so-called "charge reservoir" layers) and con-
ducting (Cu,Se,)?~ layers along the c-axis.#™ These BiCuSeO-
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based oxyselenides have drawn interest as thermoelectric materi-
als, primarily due to their intrinsically low thermal conductivity,
not exceeding 1.5 Wm~! K~! at room temperature, coupled with
a relatively high Seebeck coefficient.®/ The main focus in enhanc-
ing zT of BiCuSeO is optimizing the charge carrier concentration
n, which significantly boosts the power factor (¢?c) by balancing
a and o values. Employing this approach in BiCuSeO-based oxy-
selenides has yielded zTmax > 1.2 at T > 773 K achieved through
the substitution of bismuth with various elements. 78!

However, as identified by Ioffe over six decades ago, an effi-
cient thermoelectric material requires not only an optimal charge
concentration nep but also a maximized ratio of charge carrier
mobility u to lattice thermal conductivity k,,, as this determines
the zTmax achievable at a given temperature and charge carrier
concentration.? While optimizing charge carrier concentration in
BiCuSeO is feasible through heterovalent Bi substitution, meth-
ods to maximize p/x;, are less straightforward. In this context,
it’s important to consider the native defect chemistry of p-type Bi-
CuSeO oxyselenides. In particular, copper vacancies (V¢,) iden-
tified as the predominant defect in BiCuSeO responsible for its
native p-type self-doping. 219 Moreover, the introduction of ex-
tra V¢, promotes the carriers’ delocalization between the charge
reservoir and conducting layers, 1112 which is beneficial for keep-
ing a high n/u ratio.13 Although interlayer delocalization of car-
riers is favorable for interlayer charge transfer, conventional Bi
substitution is still necessary to provide a sufficient number of
charge carriers for diffusion.’® For this purpose, it makes sense
to use the most efficient dopant, such as Pb,@ which allows one
to achieve the highest ratio of nominal to actual number of intro-
duced charge carriers per atom.

Journal Name, [year], [vol.], 1@ |1



Physical Chemistry Chemical Physics

In our study, we synthesized a series of samples with the nom-
inal composition of Bi;_,Pb,Cu;_,SeO (x = 0, 0.02, 0.06, and
0.08) to achieve simultaneous optimization of charge carrier con-
centration while maintaining high values of their mobility by com-
bining the substitution of bismuth with lead (Pbg;) and introduc-
ing extra copper vacancies (Vcy). Bij_,Pb,CuSeO-based oxyse-
lenides are among the most studied, and the influence of Bi to
Pb substitution on transport properties has been thoroughly in-
vestigated. We demonstrated that the key factor affecting the
thermoelectric performance of Pb-doped BiCuSeO and the vari-
ability reported in zTnax values is, in fact, the u/x,, ratio. At
the same time, the power factor is predominantly influenced
by the Pbg; concentration and is weakly dependent on the con-
centration of vacancies and/or the second dopant. Ultimately,
we observed an almost fourfold increase in the power factor for
Bi;_,PbyCu;_,SeO with x = 0.06 and 0.08 at 773 K. The w,,/ K4
ratio doubled with an increase from x = 0 to x = 0.02, yet further
increase in x did not yield an increase in u,/x;, mainly due to
the increase in xj,, for x > 0.02. Ultimately, a notable increase in
7T by a factor of three was realized, and a 7T« = 0.75 at 773 K
for Big.94Pbg 06 Cug.94SeO was achieved.

Materials and Methods

Compounds with the nominal chemical compositions of
Bi;_,Pb,Cu;_,SeO (x = 0, 0.02, 0.06, and 0.08) were synthesized
as reported elsewhere'l® using high purity CuO, Bi, Se, and PbO
powders as the raw materials. The obtained products were con-
solidated through spark plasma sintering (SPS) at 903 K for 5 min
under an axial pressure of 50 MPa. Phase composition analysis
was carried out through powder X-ray diffraction (PXRD) using
a DRON-3 diffractometer (IC Bourevestnik, Russia) with a Cu-Kq
radiation (A = 1.54178 A). The PXRD patterns were refined by
the Rietveld method with the self-developed software package.Z
Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) were performed using a Vega 3SB SEM (Tes-
can, Czech Republic) equipped with an x-act EDS detector (Ox-
ford Instruments, UK). The thermal diffusivity y was measured
in the axial direction of disk-shaped samples of ¢10 x 1 mm?
using a laser flash analyzer (LFA 467 Hyperflash, Netzsch, Ger-
many). The total thermal conductivity k;,; was calculated using
the formula x;,; = ¥xC,d, where C, represents the specific heat ca-
pacity which was estimated using the comparison method (with
pyroceram-9060 as a reference sample), and is in a good agree-
ment with the C, value calculated by the Debye model. The
density d was determined using the Archimedes method. The
Seebeck coefficient @ and the electrical conductivity o were mea-
sured in the radial direction of bar-shaped specimens with dimen-
sions of 10 x 3 x 1 mm> using a commercial apparatus (ZEM-3,
Advance Riko Inc., Japan) under a partial He atmosphere from
300 to 773 K. The uncertainty in ¢ and a was 5% and 4%, re-
spectively, along with 8% in x;,;. The overall uncertainty in z7
was estimated to be less than 17%. The error bars are not shown
for clarity and to enhance the visual presentation of the figures.
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Fig. 1 (a) Powder XRD patterns of the Bi;_Pb,Cu;_,SeO (x = 0, 0.02,
0.06, and 0.08) samples. Bragg's reflections for the BiCuSeO phase
are indicated by gray ticks on the top part of the figure. Diffraction
peak corresponding to the Bi,O3 secondary phase is indicated by a black
triangles (57). (b) Lattice parameters (a and ¢) as a function of nominal
concentration concentration of Pbg; and V.

Results and Discussion

The PXRD patterns of Bi;_,Pb,Cu;_,SeO (x = 0, 0.02, 0.06, and
0.08) samples are presented in Fig. [Th. All major reflections can
be indexed to the tetragonal BiCuSeO phase (PDF#01-076-6689)
with a ZrCuSiAs structure type and P4/mmm space group. A mi-
nor amount of the Bi;O3 (PDF#01-088-2043) secondary phase
(< 4.5 vol.%) was detected in all the samples, indicating signifi-
cant Cu deficiency as expected. 21013118

In the case of dual doping, the evolution of lattice parameters
can be affected by two competing factors. On the one hand, Cu
deficiency tends to decrease both lattice parameters a and ¢,13
while on the other hand, a larger ionic radius of Pb?* (1.19 A) as
compared to that of Bi** 1.03 A should result in an increase
of lattice parameters.2%2ll Qur experimental results reveal that,
even with a simultaneous increase in the concentration of Pbg;
and V¢, both lattice parameters a and ¢ exhibit a gradual increase
(Fig.[Ip), resulting in the expansion of the unit cell volume. How-
ever, it is noteworthy that the effect of copper vacancies is notice-
able, and for samples with the same nominal concentration x, the
lattice parameters of dually doped specimens are slightly smaller
than those of single Pb-doped ones.20-22

Figure [2| displays an SEM micrograph, providing an overview
of the microstructure representative of all samples. Randomly
arranged platelet grains are stacked densely, which is reflected by
the high relative densities for all samples (> 95% of theoretical
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fractured cross-section of

of the

Fig. 2 SEM micrograph
Big.04Pbg 06 Cug.04SeO sample.

density). The thickness of the grains ranges from 300 to 600 nm.
EDS analysis confirms that the actual compositions of the samples
closely align with the nominal ones (Table S17).

Figure shows the temperature dependence of electrical
conductivity ¢ of Bi;_,Pb,Cu;_,SeO (x = 0, 0.02, 0.06, and
0.08) samples. For all the samples, ¢ gradually decreases with
the increase of temperature, exhibiting a metal-like behavior
as expected for heavily doped semiconductors.23 As the con-
tent of Pbg; and V(, increases from 0 to 0.08, o is vastly im-
proved from ~30 Q! cm~! for the pristine BiCuSeO sample to
~450 Q' em~! for Big92Pbg 0sClg.92SeO at room temperature.
Considering only a slight improvement in the weighted mobility
L (o =~ (m /me)s/ ? where m’; is the density of states effective
mass, and m, is the electron mass) as shown in Fig. S17, the main
reason for such a significant enhancement of the electrical con-
ductivity is from the increase in the charge carriers concentration,
which is also in agreement with previous reports. Further-
more, the carriers density increase originates mostly from the sub-
stitution of Bi*t with Pb%t, as even introducing only dual vacan-
cies Vi and V¢, in BiCuSeO led to an order of magnitude lower
conductivity in comparison with Pb-substituted ones.’ Nonethe-
less, as discussed in the Introduction section, the introduction of
vacancies plays not a primary but a complementary role, leading
to a more pronounced delocalization of charge carriers between
the layers, thereby promoting interlayer charge transfer.# This,
in turn, allows for the retention of higher charge carrier mobil-
ity values at the same level of charge carrier concentration (see
Fig. 12 in Ref. [15]).

Figure illustrates the Seebeck coefficient o as a function
of temperature for Bi;_,Pb,Cu;_,SeO (x = 0, 0.02, 0.06, and
0.08) samples. The positive Seebeck coefficient for all samples
in the entire temperature range confirms p-type conduction, in-
dicating that holes are the majority charge carriers. The high-
est Seebeck coefficient throughout the investigated temperature
range is observed in nominally undoped BiCuSeO. However, with
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the increase in Pbg; and V¢, concentration, a gradually decreases
consistently with the changes in ¢ (Fig. S21). Considering the re-
lationship between the Seebeck coefficient and carrier concentra-
tion in semiconductors,? such a simultaneous change in electri-
cal conductivity and the Seebeck coefficient further underscores
that it is primarily driven by a significant increase in charge car-
rier concentration, as was discussed previously. Consequently, at
773 K, o reduced from 352 uV K~! forx = 0 to 182 uV K~! for
x = 0.08. The achieved optimal balance between ¢ and o results
in a significant enhancement in the power factor (a?c), showing
more than a fourfold increase at 773 K, from 1.8 yW cm~! K2
to 7.7 uW ecm~! K2, as the Pbg; and V-, content is raised from x
= 0 to 0.08 (Fig. [, Fig. S37).

Figure 3k shows the temperature-dependent total thermal con-
ductivity &y (T) of Bi;_,Pb,Cu;_,SeO (x = 0, 0.02, 0.06, and
0.08) samples. For the pristine BiCuSeO, k;,, decreases from
1.17 Wm™! K! at 300 K to 0.75 W m~! K1 at 773 K. Fol-
lowing simultaneous Bi for Pb substitution and Cu vacancies in-
troduction, xj,, initially decreases (x = 0.02) and then rises to
093 Wm~! K ! at 773 K (x = 0.08). This can be understood
by considering the evolution in both the lattice k;,, and electronic
K.; components of total thermal conductivity. The xj,, is calcu-
lated from x;,; = ks — K,;, Where k,; can be determined through
the Wiedemann-Franz law, expressed as k,; = LoT, with L rep-
resenting the Lorentz number.2 The Lorentz number is estimated
with sufficient accuracy within the single parabolic band model
with acoustic phonon scattering from experimental « values as
L=15+exp{—|a|/116}.2% Owing to a significant enhancement
in o, the changes in x;,; become more apparent. In pristine Bi-
CuSeO, k,; contributes to approximately 2% of the total, but this
contribution rises up to over 30% with an increase in Pbg; and
Vcu concentration (Fig. S41). Analysis of the x;,, (T) reveals that
point defects are the dominant phonon scattering mechanism, ev-
idenced by a decrease of kj,, with temperature as 7% for all the
samples (Fig. S51). However, for the samples with x > 0.02 K,
slightly increases but still remains lower than that of pristine Bi-
CuSeO. This increase could be attributed to an increase in the
grain size, sound velocities, and/or Pb—O bond strength due to
the introduction of Pbg; and VCu.

Combining the electrical and thermal transport properties, the
figure of merit zT as a function of temperature is calculated and
displayed in Fig.[3d. For Bi;_,Pb,Cu;_,SeO samples (x > 0), the
7T values are enhanced over the entire test temperature range by
more than 3 times. This improvement is mainly attributed to a
significant boost in the power factor, leading to a zTyax value of
0.75 at 773 K for Big 94Pbg gsCug.94SeO. On the one hand, a nearly
threefold increase in z7 was achieved compared to undoped Bi-
CuSeO. On the other hand, we must admit that this is not the
highest 7T value achieved for Bi;_,Pb,CuSeO-based oxyselenides.
Furthermore, a detailed analysis of literature data reveals that re-
ported z7T values for Pb-doped BiCuSeO are scattered between
0.56 and 1.05 at T = 773 K for optimally doped compositions
(Fig. S67T).

To understand what causes such a discrepancy in z7 values, we
analyzed the literature and our data within the concept proposed
by Ioffe and later reformulated by Chasmar and Stratton:227 ef-
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Fig. 3 Temperature dependence of the (a) electrical conductivity o, (b) Seebeck coefficient ¢, (c) total thermal conductivity k., and (d) the figure

of merit zT' for Bij_xPb,Cu;_,SeO (x = 0, 0.02, 0.06, and 0.08) samples.

ficient thermoelectric material should have (1) an optimal charge
carrier concentration and (2) a maximized u,,/x;, ratio, where
u, and xj,, are the weighted mobility and lattice thermal con-
ductivity, respectively. This ratio determines the maximum z7
value achievable for a given material at a given temperature.28
Thus, one can notice that the achieved power factor (a?c) for
optimally doped samples (Inc ~ 2.3) was around 8 W cm~! K2
at 773 K and is roughly the same compared to those reported
previously for other Pb-doped BiCuSeO oxyselenides (Fig.[4p). In
other words, regardless of the synthesis method, the optimal level
of charge carrier concentration in Bi;_,Pb,CuSeO-based oxyse-
lenides is reached around Inc = 2.3, corresponding to Pb dop-
ing level x between 0.06 and 0.08. However, the /%, ratio,
on the other hand, is strongly affected by the synthesis tech-
nique (Fig. ). The highest values of u,, /K, are achieved for
the samples synthesized/processed by such techniques as shear
exfoliation,?? high-energy ball milling,'¢ self-propagating high-
temperature synthesis, %31l etc. In such samples, lattice ther-
mal conductivity is suppressed by about twice compared to the
glassy limit (=~ 0.59 W m~!' K~1) at high temperature. This orig-
inates from increased phonon scattering induced by significantly
reduced grain size?? and, what is more important, introduced
crystal defects, such as nanodots, & amorphous regions, 2231 etc,
Thus, the abovementioned highlights the importance of the mi-
crostructure (grain size and shape, defects, etc.) in the thermo-
electric performance of Pb-doped BiCuSeO oxyselenides.

4] Journal Name, [year], [vol.], 1_@]

Conclusions

The thermoelectric properties of the Bi;_,Pb,Cu;_,SeO (x = 0,
0.02, 0.06, and 0.08) samples prepared via a solid-state reac-
tion route followed by spark plasma sintering have been stud-
ied. The combination of Pb for Bi substitution and Cu vacan-
cies introduction increases the electrical conductivity while mod-
erately decreasing the Seebeck coefficient. The intrinsically low
thermal conductivity of BiCuSeO is noticeably decreased by the
introduction of Pbg; and V(, of a small concentration (x = 0.02)
and increased with further increase in x. The optimum balance
between the Seebeck coefficient and electrical conductivity was
achieved for x = 0.06, while for x > 0.02, the u,,/xj,, ratio es-
sentially does not increase and remains at the same level as for x
= 0.02, limiting the potentially achievable zTj.x. As a result, the
value of zT was eventually increased by more than 3 times com-
pared to the undoped BiCuSeO, and z7Ty.x = 0.75 at 773 K was
achieved for Biy 94Pby 06 Cug.94SeO. By careful analysis of the liter-
ature data and comparing it with our results, we revealed that for
Bi;_,Pb,CuSeO-based oxyselenides, the main factor determining
ZTmax is the kj,;. We believe that highlighting the mechanisms de-
termining z7 value in doped BiCuSeO will help future researchers
to form more effective synthesis/doping strategies.
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